Fifty different polyhydroxyalkanoic acid (PHA)-accumulating bacterial strains were investigated for the occurrence of phasin proteins bound to PHA granules and related to the GA24 protein of AIcu1igenr.s e~troph~s H16, by isolating PHA granules and Western blot analysis of granule-associated proteins employing antibodies raised against the GA24 protein. It could be demonstrated that the PHA granules of many poly&hydroxybutyrate)-accumulating bacteria exhibited a similar protein pattern, and a predominant protein of 24 f 2 kDa occurred in the granules of A. eutrophus strains A*/. CH33, JMP222. N9A and TF93 exhibiting N-terminal amino acid sequences identical to that of the GA24 protein. 
Introduction
Polyhydroxyalkanoic acids (PHA) are synthesized by many bacteria and are deposited as insoluble inclusions. if the cells are cultivated in the presence of an excess of a carbon source and if another nutrient limits growth [I] ; physiology, biochemistry Alcaligenes eutrophus
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A The cells were either cultivated in 'growth medium' (GM), which did not promote accumulation of PHA, or in accumulation medium (AM). which promoted accumulation of PHA. 1, complex medium (O.S%, w/v, nutrient broth): 1 a, mineral salts medium [3] which was supplemented with a filter-sterilized carbon source as indicated. To promote extensive accumulation of PHA, the ConcenRration of ammonium chloride was reduced to 0.027~ (w/v). 2, Azotobacter medium 3 according to the DSM catalogue (edn. 1989): 3 and 3a, medium as described by Pfennig [9] , in the accumulation medium yeast extract and NH,CI were omitted; 4, medium as dedcribed by Schlegel et al. [6] : 5 and 5a, medium as described by Biebl and Pfennig [IO]: 6. medium as described by Macrae and Wilkinson [I I] : 7, complex medium as described by Uhiig et al. [12) ; 7a, accumulation medium as described by Fdllner et al. [13] . The following carbon sources were added from filter-sterilized solutions at the following concentrations:
A, 20 mM sodium acetate: GA, I.57~ (w/v) sodiumgluconate; G, 1.5% (w/v) glucose: 0, 0.5% (w/v) sodiumoctanoate. a The concentration of PHA in the cells used for the analysis of granule-associated proteins was determined gas chromatographically as described in Materials and methods. Only the main constituents are mentioned. P(3HB). poly(3-hydroxybutyric acid); P(3HO), poly(3-hydroxyoctanoic acid); P(3HB-c,+3HV), poly(3-hydroxybutyric acid-co-3-hydroxyvaleric acid): P(3HB-co-3HO), poly(3-hydroxybutyric acid-co-3-hydroxyoctanoic acid): P(3HO-co-3HD), poly(3-hydroxyoctanoic acid-co-3-hydroxydecanoic acid); a 9 mol% 3HB + 2% mol% 3HO: h 15 mol% 3H0 + 75 mol% 3HD; ' 30 mol'% 3H0 + 60 mo18 3HD: d 4.3% 3HHx + 29.8 mol'% 3H0 + 61.9 mol% %HD + 4.2 mol% 3HDD; ' 3.6 mol8 3HHx + 23.7 mol% 3H0 + 60.6 mol'% 3HD + 12.1 mol4 3HDD: ' 68.mo18 3HB + 32 mol% 3HV. total cellular protein in cells containing P(3HB). The GA24 protein determines the size and the number of P(3HB) granules in the cells, and its presence is required for maximal accumulation of P(3HB). Cells of phaP mutants, which are impaired in the synthesis of this phasin, harbor only one single large granule, whereas cells of the wild-type contain usually 6-15 smaller granules. In the Gram-positive bacterium Rhodococcus ruber, a phasin protein of 14 kDa has been identified, and the binding of this protein to the granules has been investigated in detail [4] . In Chromatium uinosum, granule-associated pro-teins were also detected in addition to the PHA synthase complex 151. In this study, we investigated 50 bacterial strains with respect to their ability to synthesize proteins related to the GA24 protein and in order to demonstrate whether phasin proteins occur in general in PHA accumulating bacteria. Phasin proteins are of academic interest to understand the mechanism of PHA biosynthesis and granule formation and also of considerable biotechnological interest since they might be utilized to simplify downstream processes and to allow the optimization of processes for the production of PHA in particular with recombinant organisms.
Materials and methods
Bacterial strains and growth conditions
All bacteria investigated in this study are listed in Table 1 . The cells were cultivated aerobically in mineral salts media (MM) [6] at 30°C in 300-, 500-ml or 2-l Erlenmeyer flasks as described in detail in Table 1 .
Analysis of PHA
To determine the polyester content of bacteria, 3-5 mg of lyophilized cells or granule material were subjected to acidic methanolysis, and the resulting hydroxyacyl methyl esters were analysed by gas chromatography as described in detail [3].
Isolation of PHA granules
PHA granules were obtained from cells which were cultivated in 700 ml mineral salts medium, harvested after 48 h incubation by centrifugation (20 min, 6000 X g, 4°C). Crude extracts were obtained after a three-fold French press passage (100 X 10h Pa). The granules and bacterial membranes were pelleted by centrifugation (20 min, 6000 X g, 4"C), and the pellets were resuspended in 10 ml 100 mM Tris . HCl buffer (pH 7.5). The granules were purified by subsequent centrifugations in glycerol and sucrose density gradients.
PHA in two glycerol density gradients. The first glycerol gradient was obtained from a discontinuous gradient prepared from 1 ml of 90% and 4 ml of 50% (v/v) glycerol in Tris . HCl (pH 7.5), which was frozen at -70°C and then thawed at 4°C. After centrifugation (0.5 h, 210000 X g, 4°C) the granules sedimented at approximately 90% glycerol and were isolated from this region, washed with 100 mM Tris . HCl (pH 7.5) by centrifugation (20 min, 100000 X g, 4"C), resuspended in the same buffer and subsequently loaded on top of a second glycerol gradient. This gradient was obtained from a discontinuous gradient prepared from 1 ml of 90% and each 2 ml of 80%, 60% and 40% (v/v> glycerol in Tris HCl (pH 7.51, which was frozen at -70°C and then thawed at 4°C. After centrifugation (0.5 h, 2 10000 X g, 4"C), P(3HB) granule layers were obtained at 80% and PHA consisting of 3-hydroxy alkanoic acids of medium chain length (P(3HA MCL 1) granule layers were obtained at 60% (v/v> glycerol. The granules were withdrawn from these regions, washed twice with 100 mM Tris . HCl (pH 7.5) and subsequently stored at -20°C. PHA granules of Bacillus sp., Rhodococcus tuber and Methylobacterium sp. were isolated by glycerol density gradient centrifugation as published recently [7, 8] .
Sodium dodecyl sulfate polyactylamide gel electrophoresis
Samples were resuspended in gel loading buffer (0.6% (w/v) sodium dodecyl sulfate; 1.25% (w/v) P-mercaptoethanol; 0.25 mM EDTA; 10% (v/v> glycerol; 0.001% (w/v) bromophenol blue, 12.5 mM Tris . HCl, pH 6.8), incubated for 5 min at 95°C and the proteins were separated in 12.5% (w/v) SDSpolyacrylamide gels and stained with Coomassie brilliant blue R-250 [3].
Preparation and purification of antibodies and Western blot analysis
Antibodies raised against the GA24 protein were prepared as described previously [3] . Immunological detection of the GA24 protein blotted from SDS-polyacrylamide gels onto nitrocellulose membranes was done exactly as described recently [3].
N-Terminal sequence analysis
Sequence analysis was performed by automated Edman degradation as in recent studies [5] .
Results
I. Occurrence of a 24-kDa granule-associated protein in strains of Alcaligenes eutrophus
Granule preparations from all strains of A. eutrophus investigated in this study exhibited a very similar protein pattern. A protein of 24 kDa (+ 1 kDa) was the major protein and amounted up to 40-80% of the total granule protein in all strains of this species as estimated by the intensity of Coomassie stain in the electropherograms. Synthesis of these proteins occurred only if the cells accumulated P(3HB); if the cells had been cultivated on growth medium, which did not promote accumulation of P(3HB), or if PHA-negative mutants of strains H16, JMP222 and TF93 were used, which were impaired in the biosynthesis of PHA due to a defective PHA synthase structural gene, this protein was absent (Fig. 1, Table 1 ). The 24-kDa proteins were purified from strains CH34, TF93 and JMP222 by chromatography on Procion blue H-ERD Sepharose starting from isolated granules and after solubilization of these proteins. The purified proteins were blotted to a PVDF membrane and subjected to microsequencing. All N-terminal amino acid sequences which were obtained for the first 28, 20 or 25 residues of the proteins from strain CH34 (MILT-
or strain ~~~222 (MILTPEQVAAAQKANLETLFGLT(T) (K)-F), respectively, were identical to the corresponding sequence of the GA24 protein from A. eutrophus strain H 16 (MILTPEQVAAAQKAN-LETLFGLTTKAFE) which was publisheal previously [3] . This identity of the N-termini of the pro- Fig. I . Analysis of proteins bound to PHA granules in different strains of Alcafigenes eutrophus. Cells were grown as described in Table I .
Crude extracts which were obtained from cells grown in growth medium or in accumulation medium, and proteins, which were solubilized from isolated PHA granules, were separated in SDS-polyacrylamide gels and stained with Coomassie brilliant blue (left part) and subjected to Western blot analysis employing antibodies raised against the GA24 protein (right part). Lanes: (1) Molecular mass standard proteinsthe M, values of these proteins (phosphorylase b, 94000; bovine serum albumin, 67 000; ovalbumin, 43000; carbonic anhydrase, 30000; soybean trypsin inhibitor, 20 100; and a-lactalbumin, 14400) are given at the left margin; (2) A. eutrophus CH34 cultivated in GM; (3) A. eutrophus CH34 in AM; (4) PHA granules isolated from A. eutrophus CH34, (5) A. eutrophus TF93 in GM; (6) A. eutrophus TF93 in AM: (7) PHA granules isolated from A. eutrophus TF93; (8) A. eutrophus JMP222 in GM; (9) A. eutrophus JMP222 in AM; (IO) PHA granules isolated from A. eurrophus JMP222; (11) A. eutrophus H16 in GM; and (12) A. eutrophus HI6 in AM.
teins was not expected and indicated a very high conservation of the phasin in this group of bacteria.
Occurrence of granule-associated proteins in other PHA-accumulating bacteria
In order to assess the occurrence and distribution of granule-associated proteins in other bacteria, a large variety of PHA-accumulating bacteria was investigated.
Granule preparations from any other PHA-accumulating bacteria investigated in this study revealed the presence of at least one or only a few proteins bound to the granules (partially shown in Fig. 2 From all analysed strains the most striking positive immunoreactions in Western blots occurred with 22-25 kDa proteins present in crude extracts obtained from cells cultivated under PHA-accumulating conditions and in granule preparations isolated from the cells not only with any strain of A. eutrophus ( Fig. 1 and Table 11 , but also with A. latus, and any species of Burkholderia, P. glathei, R. sphaeroides or T. mixta (Fig. 2, Table I ). If these strains were cultivated in a complex medium under non-PHA-accumulating conditions, no immunoreaction occurred with proteins from either crude extract except for the crude extract from cells of Rhodobacter sphaeroides (see above).
In granules prepared from R. sphaeroides cultivated under accumulation conditions (Table 1) . a 22.5-kDa protein exhibited a strong immunological reaction with GA24-IgG; this might be explained by the relative low concentration of this 22.5kDa protein in crude extracts.
Crude extracts of Burkholderia solanacearum as 1 2 3 4 5 6 7 8 9 10 11 12 Fig. 2 . Analysis of proteins bound to PHA granules. Cells were grown as described in Table I , and after the isolation of PHA granules proteins were solubilized from the granules, separated in SDS-polyacrylamide gels and stained with Coomassie brilliant blue (left part) and subjected to Western blot analysis employing antibodies raised against the GA24 protein (right part). Lanes: (1) 
Discussion
Proteins of low molecular mass were bound to PHA granules from any PHA-accumulating bacteria investigated in this study. The electropherograms obtained for the proteins solubilized from isolated PHA granules were characteristic for one particular species. and for many species the patterns were similar. Centrifugation in glycerol density gradients proved to be an effective method to isolate native granules from many physiologically and taxonomitally different bacteria. In contrast to these low molecular mass granule-associated proteins, PHA synthase protein, which for those belonging to classes I and II exhibits a molecular mass of approximately 65 kDa, did only occur as a minor but never as the major predominant protein species in the electropherograms of granule preparations.
This indicates that PHA synthases constitute only a minor protein at the granule surface or that they dissociate readily from the surface during the preparation of the granules. This study clearly demonstrates that other proteins, which are very tightly bound to the granules, represent the predominant protein component in the PHA granules from most species. Recently such proteins have been isolated and characterized at a molecular level from the Gram-negative A, eutrophus strain H16 [3] and from the Gram-positive R. ruber [4] . In these bacteria a 24-kDa and a IbkDa protein, respectively, occur as a major protein at the surface of the granules, and these proteins were referred to as phasin proteins [2] . Phasins are relevant for the efficiency of PHA accumulation and for the size and number of the granules in the cells. PHA-leaky mutants of A. rutrophus lacking the GA24 protein accumulated PHA to a lesser extent which was only approximately 50% of the wild-type, and the cells possessed only one single very large granule. If these mutants were complemented with the structural gene of the GA24 protein, accumulation of PHA occurred at the same level as in the wild-type: however, the cells contained a large number of very small granules [3] . According to the widespread occurrence of phasins, the function of these proteins during PHA accumulation should be investigated to obtain a better knowledge of the formation of PHA granules, to increase the productivity of PHA-accumulating bacteria and to simplify the downstream processing.
